In this study, cyclic voltammetry and electrochemical ımpedance spectroscopy have been used to investigate the electrochemical behaviour of quercetin (3,3′,4′,5,7-pentahydroxyflavone) on the procaine and aminophenyl modified electrode. The modification of procaine and aminophenyl binded electrode surface with quercetin was performed in +0,3/+2,8 V (for procaine) and +0,4/+1,5 V (for aminophenyl) potential range using 100 mV s -1 scanning rate having 10 cycle. A solution of 0.1 M tetrabutylammonium tetrafluoroborate in acetonitrile was used as a non-aquous solvent. For the modification process a solution of 1 mM quercetin in 0.1 M tetrabutylammonium tetrafluoroborate was used. In order to obtain these two surface, a solution of 1 mM procaine and 1 mM nitrophenyl diazonium salt in 0.1 M tetrabutylammonium tetrafluoroborate was used. By using these solutions bare glassy carbon electrode surface was modified. Nitrophenyl was reduced to amine group in 0.1 M HCl medium on the nitrophenyl modified glassy carbon elelctrode surface. Procaine modified glassy carbon electrode surface was quite electroactive. Although nitrophenyl modified glassy carbon elelctrode surface was electroinactive, it was activated by reducing nitro group into amine group. For the characterization of the modified surface 1 mM ferrocene in 0.1 M tetrabutylammonium tetrafluoroborate for cyclic voltammetry and 1 mM ferricyanide/ferrocyanide (1:1) mixture in 0,1 M KCl for electrochemical impedance spectroscopy were used.
Introduction
Polyphenols are complex substances with two or more phenolic rings joined together. Polyphenolic compounds can be classified depending on their chemical structure 1 . Polyphenols, flavonoids, and tannins are widely distributed in plants, mainly in fruits and vegetables, contributing to their flavor and color 2 .
The flavonoids constitute a large class of compounds containing a number of phenolic hydroxyl groups attached to ring structures, conferring antioxydant activity [3] [4] [5] [6] . It has been shown that the antioxydant activity of flavonoids is due to the aromatic -OH groups 7 . The structural groups undergoing electron transfer reactions in the flavonoids are: (1) pyrogallol group, (2) catechol group, (3) 2,3-double bond in conjugation with a 4-oxo group and a 3-hydroxyl group and (4) additional resonance-effective substituents 8 . Electrochemical measurements leading to the determination of physicochemical parameters for antioxydants (e.g., redox potential, number of electrons transferred, electrodereaction rate constant, etc), are very relevant not only for evaluating the antioxidative abilities of flavonoids 9 but also for understanding their reaction mechanisms. The half-wave potential (E 1/2 ) is a useful parameter for providing information on the antioxydant activity of the flavonoids. This has been rationalized on the basis that both electrochemical oxidation and hydrogen-donating free radical scavenging involve the breaking of the same phenolic bond between oxygen and hydrogen, producing the phenoxy radical and hydrogen, in an electron and proton transfer reaction. Thus a flavonoid which has a low value of E 1/2 is a good antioxydant 2 . The mechanism of oxidation of phenols is of interest particularly in connection with biosynthetic-type oxidative coupling reactions. Oxidation can occur either in a single one-electron, single two-electron or in two one-electron steps 10, 11 . Flavonoids are among widely distributed secondary products found in many plants used as food [12] [13] Several of these biological effects are related to radical antioxydant properties of such compounds [13] [14] [15] .Radical reactions occur in many biological processes as a natural consequence of living in an oxidizing environment. However damaging radical reactions outcome when an unusual process takes place 15 . The antioxydant properties of these compounds (flavonoids) have been attributed to their capacity to antioxydant free radicals generated in aquous phase, increasing the resistance of lipids against peroxidation 16 . Despite this fact, the electrochemical behavior of quercetin has been almost always studied in organic solvents due to constrains imposed by its solubility characteristics. Evidently, the stability of intermediate species originated by oxidation reactions is substantially different depending on the surroundings (organic or aquous media) 17 , offering a very rich chemistry as a result. In this framework, the knowledge of its electrochemical behavior in biological-like conditions is relevant to get in sight into the quercetin action as antioxydant. To date, few information on the electrochemical properties of flavonoids in aquous solutions are found in the literature 18 The electrochemistry of quercetin, in particular, besides not being very understood, reveals contradictions on both the oxidation products and the reversibility of the reactions. For instance, a limited extent of data available in the related literature suggests that the oxidation of quercetin yields to the corresponding ortho-quinone as product, which is an unstable compound that could undergo homogeneous chemical reactions such as intramolecular rearrangements [18] [19] [20] [21] or addition reactions when in presence of nucleophiles
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. Therefore, the presence of water and/or ethanol (nucleophiles) in the solution may thus have very important implications for the oxidation mechanism and in turn for the antioxydant activity, since water was found acting as catalysts in reactions subsequent to the formation of ortho-quinones 23 . Quercetin (3, 3', 4', 5, 7-pentahydroxyflavone-Scheme 1) is widely distributed in the plant kingdom and is the most abundant of the flavonoid molecules. Quercetin is the aglycone (i.e., minus the sugar group) of a number of other flavonoids, including rutin, quercetrin, isoquercetin, and hyperoside. These molecules have the same structure asquercetin except that they have a specific sugar molecule in place of one of quercetin is hydroxyl groups on the C ring, which sharply changes the activity of the molecule. Activity comparison studies have identified other flavonoids as often having similar effects as quercetin; but quercetin usually has the greatest activity. Quercetin appears to cause many beneficial effects on human health, including cardiovascular protection, anticancer activity, anti-ulcer effects, anti-allergy activity, cataract prevention, antiviral activity, and anti-inflammatory effects 21 . Quercetin is a flavonoid of widespread existence in nature whose medicinal properties have been extensively demonstrated in the literature, especially the antioxydant capacity 16, 23-26. Solubility of quercetin is low in water, but it generally dissolves remarkably in organic solvent (acetonitrile, alcohol, etc). The flavonoids present in tomatoes, tobaccos, rue and in numerous vegetables, fruits and grains. Its chemical structure contains the resorcinol group in the ring A (with the m-hydroxyls in the positions C5 and C7), the catechol group in the ring B (with the o-hydroxyls in the positions C3' and C4') and the hydroxyl group in the position C3 of the ring C, the carbonyl group in the position C4 in the ring C and the C=C bond between the carbons C2 and C3 in the ring C. As can be concluded, quercetin presents OH functional groups that can be electrochemically oxidized. The oxidation of the 3', 4' dihydroxy group in the ring B can lead to the formation of the corresponding o-quinone. Unlike, the 5, 7 dihydroxy group in the ring A cannot lead to the formation of the corresponding m-quinone. Additionally, the catechol group in the ring B is oxidized more easily than the resorcinol group in the ring A 27 . 
Experimental
Ultra pure quality of water with a resistance of 18.3 MΩcm (Millipore Milli-Q purification system, Millipore Corp. Bedford, MA, USA) was used in preparations of aquous solutions, cleaning of the glassware and polishing the electrodes. All chemicals were of the highest purity available from Merck (Darmstadt, Germany), Fluka (Buchs SG, Switzerland), Riedelde Haën (Seelze, Germany) or Sigma-Aldrich (Buchs SG, Switzerland), chemical companies and so no further purification was performed. nitrophenyl diazonium salt (NPDAS) was synthesized from p-nitroaniline (Aldrich). In all experiments, the solutions and the electrodes were kept in acetonitrile when they were not in use. All the experiment solutions were prepared at 1 mM concentration. Solutions were thoroughly deoxygenated by purging with purified argon gas (99.99%) for 10 min prior to the electrochemical experiments. Argon blanket was maintained over the solutions to supply an inert atmosphere during voltammetric measurements. All electrochemical experiments were performed at room temperature (25 ±1 o C).
Electrodes and apparatus
A traditional three-electrode cell system was used in all electrochemical experiments. In our experiments Ag/Ag + (0.01 M), reference electrode calibrated to the E 1/2 of ferrocene and a Pt wire counter electrode was employed. BAS (Bioanalytical Systems) Model MF-2012 and Tokai GC-20 glassy carbon electrodes were used as working electrodes having a surface of 0.071 cm 2 . CV and EIS techniques were performed using GAMRY reference 750 potentiostat/galvanostat/ZRA with C3 cell stand (BAS).
Procedure

Preparation of the electrodes
The glassy carbon electrodes (GCE) were prepared for the experiments by polishing to gain a mirror-like appearance, first with fine wet emery papers (grain size 4000) and then with 1.0 µm and 0.3 µm alumina slurry on micro cloth pads (Buehler, USA). After the initial polishing, the GCE electrodes were resurfaced using 0.05 µm alumina slurry. First, the GCE electrodes were sonicated in the water twice then in 1:1 (v/v) isopropyl alcohol and acetonitrile (IPA + MeCN) (Aldrich) mixture for 10 min. each 28 .
Synthesis of NPDAS
Approximately 0.5 g of amino precursor p-nitroaniline (Aldrich) was weighed into a three-necked 50 mL round-bottom flask; then 10 mL of 50% fluoroboric acid (Aldrich) was added and the resultant mixture was stirred with a magnetic stirring bar, for an hour at 10°C. A 5:1 molar ratio of NaNO 2 (relative to amino precursor) was weighed into a separate container, just enough water was added to dissolve the NaNO 2 at room temperature, and the solution was cooled to 10°C. A thermometer was inserted into the three-necked flask, and the precursor solution was cooled to 10 °C in the ice bath. The cold NaNO 2 solution was added dropwise, and the temperature was always kept below 10°C during the reaction. Following the complete addition of NaNO 2 , the mixture was stirred ≈30 min. in the ice bath. The insoluble diazonium salt was filtered in a Buchner funnel, and anhydrous ether (Fluka) was used to remove the remaining sediments from the round-bottom flask. The product was recrystallized by dissolving in cold (+4°C) acetonitrile followed by slow addition of cold anhydrous ether to recover the diazonium tetrafluoroborate salt (Scheme 2). The synthesized DAS should be kept in a freezer and should be used within two mounts. Otherwise DAS may decompose. It one wants to use the decomposed DAS, one should recrystallise it. DAS should be prepared freshly and used immediately within two hours of preparation 29 
Scheme 2. Reaction mechanism of nitrophenyl diazonium salt (NPDAS) synthesis
Results and Discussion
This study has been performed using cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) to investigate the electrochemical behaviour of quercetin (QR) on the procaine (PR) and aminophenyl (AP) modified (GCE) surfaces in non-aquous medium. From the data obtained we examined the electrochemical and spectroscpic behaviour of the electrode surface. Depending on the literature we suggested a reaction mechanism.
Modification and Characterization of Quercetin on PR-GC
In order to investigate the electrochemical behaviour of QR on the PR modified GCE (PR-GCE) surface, 1 mM PR solution in 0.1 M TBATFB was used. The potential range was -1.7/-0.5 V using 100 mV s -1 scanning rate with 50 cycle and given in Figure1. The reaction mechanism for the modification process is given in Scheme 3. we found that PR-GCE surface more active than bare GCE surface by testing the surface by CV and EIS. The characterization process following the modification process has been performed by using CV and EIS in non-aquous medium. For the CV characterization process, 1 mM ferrocene solution in 0.1 M TBATFB was used in the -0.1/+0.4 V potential range 100 mV s -1 scanning rate and it is shown in Figure 3(a) . For the EIS characterization process, 1 mM ferriyanide/ferrocyanide (1:1) solution mixture in 0.1 M KCl was used in the range of frequency 100000/0.05 Hz by impedance measurement and it is depicted in Figure 4 . EIS is an effective method for probing the interfacial properties of modified electrodes and it also is a complementary technique to CV for evaluating the electrotransfer kinetics and the film compactness 31, 32 . The complex impedance can be presented as a sum of real, Zre, and imaginary, Zim, components that originate mainly from the resistance and capacitance of the cell, respectively. In the presence of Fe(CN) 6 3-/4-(1 mM) as the redox probe in 0,1 M KCl solution, the Randle's equivalent circuit is shown in Figure 4 . 
Modification and characterization of quercetin on AP-GC
The investigate the electrochemical behaviour of QR on aminophenyl modified GCE (AP-GCE) surface, NPDAS was synthesized starting from p-nitroaniline. For the modification process 1 mM NPDAS solution (in 0.1 M TBATFB) was used in the +0.2/-0.8 V potential range using 100 mV s -1 scanning rate with 10 cycle (Figure 5 ).
Figure 5.
Cyclic voltammograms of NPDAS on bare glassy carbon electrode surface The modified surface was electroinactive. So the surface was activated by reducing nitro group to amine group in the -0.2/-1.3 V potential range using 100 mV s -1 scanning rate with 5 cycle (Figure 6 ). Figure 6 . Reduction of nitro group voltammograms to amine on nitrophenyl modified glassy carbon electrode surface After the reduction of nitro group to amine group, AP-GCE surface was found to be electroactive from the modification and reduction process are given in Scheme 4(a) and 4(b). The modification of QR on the obtained AP-GCE surface was carried out in the +0.4/+1.5 V potential range using 100 mV s -1 scanning rate with 10 cycle and given in Figure 7 . 
Reaction Mechanism for electrochemical modification of QR on PR-GCE and AP-GCE
According to the result, EC reaction mechanism follows the mechanism given in Scheme 5 during the modification of QR on the PR-GCE and AP-GCE surfaces. First QR molecule looses 3e -/3H + then the binding process take places. To understand the difference between the modification process, two voltammograms were overlayed and shown in Figure 9 . The first, second and third peaks are attributed to the -OH groups in the 3', 4' and 3 positions respectively. The binding of QR onto the PR-GCE and AP-GCE surfaces takes places through the -OH group in the position 3. Because -OH groups in the 3' and 4' positions were electrochemically oxidized forming o-quinone and become more stable 21, 23, 30, [33] [34] [35] [36] . Three different mechanisms were suggested for the binding of Quercetine to the procaine and aminophenyl modified GC surface. Based on the experimental results, the suggested mechanisms were explained by Michael addition. Quercetine in solution was first oxidized through the -OH groups in the 3' and 4' position. The oxidized form of quercetine, could bind covalently to the modified GC surface through three different positions in the form of N-C. Reaction mechanism was given in Scheme 5. 
Conclusions
In this research, the behaviour of quercetin was investigated by electrochemically and spectroscopically on the procaine and aminophenyl modified glassy carbon electrode surfaces. From the study, quercetin was found to binding through EC (Electrochemical and then Chemical) mechanism. Electrochemically oxidized quercetin at the first step binds to the electrode surface electrochemically at the second step. In the modification process of quercetin on the procaine and aminophenyl binded glassy carbon electrode surfaces, both electrochemical oxidation steps and chemical binding step were clearly determined. Based on the experimental results, a reaction mechanism was proposed and depicted in Scheme 5. The modification voltammograms obtained from cyclic voltammetry modification process, shows that quercetin binded strongly to the electrode surface. This result was supported by cyclic voltammetry surface test in non-aquous medium using ferrocene redox probe and by electrochemical impedance spectroscopy surface test in aquous medium using ferricyanide/ ferrocyanide redox probe mixture. The electroactive procaine and aminophenyl modified glassy carbon electrode surfaces become electroinactive after quercetin binding to these surfaces. As a result, electrochemical and spectroscopic measurements showed that bare glassy carbon electrode and quercetin modified electrode surfaces were different.
